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HIGHLIGHTS 


►  P-Co(OH)2  nanocone  arrays  are  prepared  by  a  hydrothermal  synthesis  method. 

►  3-Co(OH)2  nanocone  arrays  with  high  capacitance  for  supercapacitors  application. 

►  ID  nanocone  arrays  structure  keeps  structure  stable  with  good  strain  accommodation. 
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Co(OH)2  nanocone  arrays  are  prepared  by  a  facile  hydrothermal  synthesis  method.  The  Co(OH)2  nano¬ 
cones  are  single  crystalline  in  nature  and  have  an  average  diameter  of  about  200  nm.  The  pseudoca- 
pacitive  behavior  of  the  Co(OH)2  nanocone  arrays  is  investigated  by  cyclic  voltammograms  (CV)  and 
galvanostatic  charge-discharge  tests  in  2  M  KOH.  As  cathode  for  supercapacitor,  the  Co(OH)2  nanocone 
arrays  exhibit  a  capacitance  of  562  F  g-1  at  2  A  g  1  as  well  as  rather  good  cycling  stability.  The  enhanced 
supercapacitor  performances  are  due  to  the  porous  array  architecture  providing  fast  ion  and  electron 
transfer,  large  reaction  surface  area  and  good  strain  accommodation. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Supercapacitor  has  attracted  great  attention  due  to  high  power 
performance,  fast  recharge  capability,  long  cycle  life,  and  low 
maintenance  cost  [  1  -3  ].  In  the  past  decade,  lots  of  research  has  been 
dedicated  to  investigating  pseudocapacitive  materials  such  as 
hydroxides  [4,5],  oxides  [6,7],  and  polymers  [8,9],  which  produce 
increased  specific  capacitances  and  high  energy  densities.  In  recent 
years,  Cobalt  species  materials  such  as  Co(OH)2,  CoOOH,  and  C03O4 
have  attracted  great  attention  due  to  their  excellent  electrochemical 
reversibility  and  cycle  life  and  high  capacitances  [10—12],  Among 
these  available  pseudocapacitive  candidates,  Co(OH)2  is  considered 
to  be  one  of  the  most  attractive  materials  owing  to  its  high  specific 
capacitance  (theoretical  specific  capacitance  >  2600  F g  ')  [12-14], 
well-defined  electrochemical  redox  activity  and  low  cost. 

Pseudocapacitive  process  is  determined  by  the  kinetics  feature  of 
the  electrode  [4],  Over  recent  years,  self-supported  one-dimensional 
(ID)  array  architecture  (nanorods,  nanotubes  and  nanocones,  etc.) 
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directly  grown  on  conductive  substrates  has  been  demonstrated  to 
be  an  optimized  architecture  for  boosting  the  pseudocapacitive 
performance  due  to  its  short  and  fast  diffusion  path  for  ions  and 
electrons,  resulting  in  reduced  internal  resistance  and  improved 
high-power  capability  [15-17],  Up  to  now,  most  of  the  research 
about  pseudocapacitance  of  Co(OH)2  heavily  focus  on  two- 
dimensional  Co(OH)2  nanoflake  arrays  grown  by  electrodeposition 
methods  [18-21],  and  there  are  only  a  few  reports  about  self- 
supported  ID  Co(OH)2  arrays  for  supercapacitor  application.  Previ¬ 
ously,  Jiang  et  al.  [22]  and  Yuan  etal.  [23]  reported  Co(OH)2  nanowire 
arrays  via  hydrothermal  synthesis  methods  and  enhanced  super¬ 
capacitor  performance  were  obtained.  In  the  present  work,  we 
report  a  self-supported  single-crystalline  P-Co(OH)2  nanocone 
arrays  prepared  by  a  facile  hydrothermal  synthesis  method  and 
demonstrate  the  high-rate  energy  storage  in  supercapacitor  appli¬ 
cation  with  high  specific  capacitance  and  quite  good  cycling  stability. 

2.  Experimental 

The  Co(OH)2  nanocone  arrays  were  prepared  by  immersing 
clean  nickel  foam  (a  size  of  3  x  6  cm2)  into  the  mixed  solution  of 
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5  mmol  Co(NC>3)2,  10  mmol  NH4F,  15  ml  of  28  wt.%  ammonia 
solution  and  20  ml  of  H2O.  The  top  side  of  nickel  foam  was 
protected  from  solution  contamination  by  uniformly  coating  with 
a  polytetrafluorethylene  tape.  The  autoclave  was  sealed  and 
maintained  at  120  °C  for  5  h  for  nanocone  array  growth.  Finally, 
the  sample  was  fetched  out  and  rinsed  with  distilled  water 
several  times  in  order  to  remove  the  residual  nanoparticle  debris. 
The  load  weight  of  Co(OH)2  nanocone  arrays  was  about 
3.5  mg  cm-2. 

The  morphology  and  structure  of  samples  were  characterized  by 
X-ray  diffraction  (XRD,  RIGAKU  D/Max-2550  with  Cu  Ka  radiation), 
field  emission  scanning  electron  microscopy  (FESEM,  FEI  SIRION), 
high-resolution  transmission  electron  microscopy  (HRTEM,  JEOL 
JEM-2010F).  The  surface  area  of  the  film  power  scratched  from  the 
substrate  was  determined  by  BET  (Brunauer— Emmett— Teller) 
measurements  using  a  NOVA-lOOOe  surface  area  analyzer. 

The  electrochemical  measurements  were  carried  out  in 
a  three-electrode  electrochemical  cell  containing  2  M  KOH 
aqueous  solution  as  the  electrolyte.  Cyclic  voltammetry  (CV) 
measurements  were  performed  on  a  CH1660c  electrochemical 
workstation.  CV  measurements  were  carried  out  at  25  °C,  self- 
supported  Co(OH)2  nanocone  arrays  as  the  working  electrode, 
Hg/HgO  as  reference  electrode  and  a  Pt  foil  as  counter-electrode. 
The  galvanostatic  charge-discharge  tests  were  conducted  on 
a  LAND  battery  program-control  test  system.  The  as-prepared 
electrodes,  together  with  a  nickel  mesh  counter  electrode  and 
an  Hg/HgO  reference  electrode  were  tested  in  a  three- 
compartment  system. 

3.  Results  and  discussion 

The  as-deposited  film  is  uniform  in  appearance  and  exhibits  red 
in  color.  XRD  characterization  shows  that  the  as-grown  film  is 
exclusively  brucite  P-Co(OH)2  phase  (Fig.  1).  Except  for  three 
representative  peaks  from  nickel  foam  substrate,  other  diffraction 
peaks  are  well  indexed  to  P-Co(OH)2  QCPDS  30-0443).  SEM  and 
TEM  images  of  the  P-Co(OH)2  nanocone  arrays  are  presented  in 
Fig.  2.  The  skeletons  of  the  nickel  foam  are  uniformly  covered  by  the 
nanocones  with  diameters  of  about  200  nm,  which  grow  densely 
and  almost  vertically  to  the  substrate  (Fig.  2a  and  b).  Further  insight 
into  the  microstructure  of  the  nanocone  is  obtained  by  TEM.  Typical 
TEM  image  confirms  that  the  average  diameter  of  an  individual  (i- 
Co(OH)2  nanocone  is  about  200  nm  (Fig.  2c).  According  to  the 
pattern  of  selected  area  electronic  diffraction  (SAED)  (Fig.  2c),  the  P- 


Fig.  2.  (a),  (b)  SEM  images  of  the  (i-Co(OH)2  nanocone  arrays  grown  on  nickel  foam;  (c) 
TEM  image  of  the  [LCo(OH)2  nanocone  (SAED  pattern  presented  in  inset). 


Co(OH)2  nanocone  is  single  crystalline  in  nature  with  a  growth 
direction  along  (001 ),  which  is  consistent  with  the  XRD  result.  It  is 
believed  that  this  porous  ID  array  feature  is  helpful  to  the 
enhancement  of  electrochemical  properties  because  it  would  lead 
to  fast  ion/electron  transfer,  sufficient  contact  between  active 
materials  and  electrolyte,  and  enhanced  flexibility. 

The  pseudocapacitive  behavior  of  the  P-Co(OH)2  nanocone 
arrays  is  investigated  by  cyclic  voltammograms  (CV)  and  galva¬ 
nostatic  charge-discharge  tests  in  2  M  KOH.  Fig.  3a  and  b  shows 
the  CV  curves  of  the  P-Co(OH)2  nanocone  arrays  between  at 
different  scanning  rates.  Note  that  the  CV  curves  consist  of  two 
pairs  of  strong  redox  couples  P1/P4  and  P2/P3,  indicating  that 
the  capacitance  characteristics  are  governed  by  Faradaic  reac¬ 
tions,  distinct  from  that  of  the  electric  double-layer  capacitance, 
which  would  produce  a  CV  curve  close  to  an  ideal  rectangular 
shape.  The  redox  couple  P1/P4  is  due  to  the  change  between 
Co(OH)2  and  CoOOH,  which  can  be  simply  illustrated  as  follows 
[21,22], 


F.  Cao  et  al.  /  Journal  of  Power  Sources  216  (2012)  395-399 


397 


0.0  0.2  0.4  0.6 

Potential  /  V  (vs.  Hg/HgO) 


Fig.  3.  Cyclic  voltammograms  of  the  (a),  (b)  P-Co(OH)2  nanocone  arrays  at  different 
scanning  rate,  (c)  CV  curve  of  the  nickel  foam  at  the  scanning  rate  of  10  mV  s-1. 


Co(OH)2  +  OH  <->CoOOH  +  H20  +  e  (1) 

The  redox  couple  P2/P3  at  higher  potential  is  assigned  to  the 
conversion  between  CoOOH  and  C0O2,  illustrated  as  follows  [21,22], 

CoOOH  +  OH  «.Co02  +  H20  +  e  (2) 

The  CV  behavior  changes  much  as  the  scanning  rate  increases 
(Fig.  3a  and  b).  The  oxidation  and  reduction  peaks  shift 


continuously  to  higher  and  lower  potentials  respectively,  leading  to 
a  larger  potential  separation  between  the  oxidation  and  the 
reduction  peak.  Furthermore,  two  oxidation  (Pi  and  P2)  and 
reduction  peaks  (P3  and  P4)  merges  with  each  other  leaving  one 
oxidation  and  reduction  peaks  at  a  scanning  rate  of  200  and 


Time  /  s 


Current  density  /  A  g 


Time  /  s 

Fig.  4.  (a)  Discharge  curves  of  the  (i-Co(OH)2  nanocone  arrays  at  different  discharge 
current  densities  and  (b)  corresponding  capacitances,  (c)  Discharge  curves  of  the  nickel 
foam  at  different  discharge  current  densities. 
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500  mV  s_1,  respectively.  In  addition,  the  nickel  foam  substrate  also 
exhibits  a  redox  process  N1/N2  (Fig.  3c),  which  is  due  to  the 
reversible  reactions  of  Ni(II)/Ni(IIl)  formed  on  the  nickel  surface, 
but  its  peak  current  intensities  are  much  lower  than  those  of  the 
p-Co(OH)2  nanocone  arrays.  Though  the  redox  process  N1/N2  will 
contributes  to  the  specific  capacitance  of  the  films,  its  contribution 
is  quite  small  less  than  5%.  High  scanning  rate  corresponds  to  the 
high-rate  charge-discharge  process.  Hence,  the  specific  capaci¬ 
tance  decreases  when  the  scanning  rate  increases.  Average  specific 
capacitance  values  were  calculated  from  the  CV  curves  using  the 
following  equation: 


where  /  is  the  oxidation  or  reduction  current,  dt  is  the  time 
differential,  m  and  AV  indicate  the  mass  of  the  active  electrode 
material  and  the  voltage  range  of  one  sweep  segment,  respectively. 
The  average  specific  capacitance  of  the  f)-Co(OH)2  nanocone  arrays 
is  calculated  to  be  530  F  g-1  at  a  scanning  rate  of  10  mV  s-1  and 
365  F  g-1  at  a  higher  scanning  rate  of  40  mV  s-1.  In  our  case,  the 
electrochemical  reversibility  is  only  fair  but  not  quite  good.  Its 
electrochemical  reversibility  is  worse  than  C03O4  [13,24],  and 
CoOOH  [10]  in  the  literature.  However,  the  electrochemical 
reversibility  of  our  Co(OH)2  nanocone  film  is  similar  to  those  of 
Co(OH)2  reported  in  the  literature  [23,25—27],  It  is  indicated  that  its 
relative  poor  electrochemical  reversibility  will  cause  worse  high- 
rate  capability,  confirmed  by  the  charge-discharge  tests  as  below 
(Fig.  4). 

Discharge  curves  of  the  |3-Co(OH)2  nanocone  arrays  and  corre¬ 
sponding  specific  capacitances  at  various  discharge  current 


densities  are  shown  in  Fig.  4a  and  b.  The  specific  capacitance  was 
calculated  according  to  the  following  equation: 


where  C  (F  g_1)  is  the  specific  capacitance,  I  (mA)  represents 
discharge  current,  and  M  (mg),  AV  (V)  and  At  (s)  designate  mass  of 
active  materials,  potential  drop  during  discharge  and  total 
discharge  time,  respectively. 

The  supercapacitor  properties  are  tested  by  galvanostatic  char¬ 
ge-discharge  at  different  current  densities  with  7  mA  cm-2  (cor¬ 
responding  to  2  A  g-1  based  on  mass  of  Co(OH)2),  14  mA  cm-2 
(4  A  g-1),  28  mA  cm-2  (8  A  g-1),  56  mA  cm-2  (16  A  g-1),  and 
112  mA  cm-2  (32  A  g  1 ),  respectively.  The  pseudocapacitances  are 
obtained  by  subtracting  the  discharge  time  of  nickel  foam  to  reduce 
the  substrate  effect  to  the  lowest  level.  And  as  shown  in  Fig.  4c,  the 
nickel  foam  only  exhibits  small  capacitance  with  several  discharge 
seconds.  The  p-Co(OH)2  nanocone  arrays  exhibit  a  pseudocapaci¬ 
tance  of  562  F  g-1  at  2  A  g-1,  488  F  g-1  at  4  A  g-1,  390  F  g-1  at 
8  A  g-1, 385  F  g-1  at  16  A  g_1  and  377  F  g-1  at  32  A  g-1,  respectively. 
These  values  are  higher  than  those  obtained  from  NiO  nanowire 
arrays  [28],  and  comparable  to  C03O4  nanowire  arrays  [29]  and 
Co(OH)2  nanowire  arrays  reported  by  Jiang  et  al.  [22]  and  Yuan  et  al. 
[23],  but  much  lower  than  those  porous  electrodeposited 
a-Co(OH)2  nanoflakes  films  [18], 

Fig.  5a  and  b  presents  the  cycle  characteristics  of  the  (3-Co(OH)2 
nanocone  arrays  at  a  current  density  of  2  A  g~\  In  order  to  measure 
the  cycle  life  of  specific  capacitance  of  the  |3-Co(OH)2  nanocone 
arrays  more  concisely,  we  recorded  the  discharge  electric  quantity 
(Q)  of  the  (3-Co(OH)2  nanocone  arrays  and  nickel  foam  (Fig.  5a). 
Notice  that  the  discharge  electric  quantity  of  the  nickel  foam 


Fig.  5.  (a)  Cycling  performance  of  discharge  electric  quantity  of  the  f)-Co(OH)2  nanocone  arrays  and  nickel  foam  at  7  mA  cnr2  (corresponding  to  2  A  g'1  based  on  mass  of  Co(OH)2); 
(b)  cycling  performance  of  specific  capacitance  of  the  f-Co(OH)2  nanocone  arrays  at  7  mA  cm'2  (2  A  g'1);  (c)  SEM  images  of  the  fully  discharged  |i-Co(OH)2  nanocone  arrays  after 
3000  cycles;  (d)  BET  measurement  of  the  f-Co(OH)2  nanocone  arrays. 
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increases  up  to  about  500  cycles,  the  remains  practically  constant 
(Fig.  5a).  It  is  indicated  that  the  capacitance  contribution  from  the 
nickel  foam  increases  up  to  about  500  cycles  and  keeps  stable.  The 
specific  capacitance  of  the  |3-Co(OH)2  nanocone  arrays  during  cycle 
was  calculated  according  to  the  equation: 


where  C  is  specific  capacitance,  and  V  is  voltage  across  the 
electrodes,  and  Q  is  discharge  electric  quantity  obtained  by  the 
P-Co(OH)2  nanocone  arrays  minus  nickel  foam.  Fig.  5b  is  the  cycling 
performance  of  specific  capacitance  of  the  (3-Co(OH)2  nanocone 
arrays.  Notice  that  the  [l-Co(OH)2  nanocone  arrays  do  not  have  an 
activation  process,  which  is  prevailing  in  oxides  for  supercapacitors 
[10,13].  The  P-Co(OH)2  nanocone  arrays  exhibit  quite  good  pseu¬ 
docapacitance  retention  with  501  F  g-1  after  3000  cycles  main¬ 
taining  88%  of  the  maximum  value.  Fig.  5c  shows  the  SEM  image  of 
the  arrays  after  3000  cycles.  The  P-Co(OH)2  nanocone  arrays  keep 
the  structure  integrity,  indicating  that  the  ID  nanocone  array 
structure  is  stable  up  to  3000  cycles  leading  to  enhanced  cycle  life. 
The  pretty  good  pseudocapacitive  performance  of  the  P-Co(OH)2 
nanocone  arrays  is  mainly  due  to  the  ID  nanocone  array  architec¬ 
ture.  The  open  space  between  neighboring  nanocones  allows  for 
easy  diffusion  of  electrolyte  into  the  inner  region  of  the  electrode, 
resulting  in  reduced  internal  resistance  and  improved  high-power 
performance.  Each  nanocone  has  its  own  contact  with  the  substrate 
at  the  bottom.  This  can  ensure  every  nanocone  participates  in  the 
electrochemical  reaction  [30,31],  Using  nanocone  arrays  also  saves 
the  tedious  process  of  mixing  active  material  with  ancillary  mate¬ 
rials  such  as  carbon  black  and  polymer.  Moreover,  nanocones  share 
the  same  advantages  as  other  nanostructured  electrodes  that 
provide  shorten  diffusion  paths  for  both  electrons  and  ions,  larger 
surface  area  (Fig.  5d)  and  more  active  sites  for  electrochemical 
reactions.  These  features  are  particularly  helpful  for  high  rate 
applications,  resulting  in  rather  good  pseudocapacitive 
performance. 

4.  Conclusions 

In  summary,  self-supported  [i-Co(OH)2  nanocone  arrays  are 
prepared  by  a  facile  hydrothermal  synthesis  method  and  show 
single  crystalline  in  nature.  The  (S-Co(OH)2  nanocone  arrays  exhibit 


rather  good  pseudocapacitive  performance  with  high  specific 
capacitance  of  562  F  g-1  at  2  A  g-1  and  good  cycling  stability.  The 
enhanced  electrochemical  capacitive  performance  is  mainly  due  to 
the  high  porosity  and  large  surface  area  of  the  porous  ID  array 
architecture.  Additionally,  the  ID  array  architecture  is  very  stale 
leading  to  enhanced  cycling  stability. 
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